Inflammatory diseases of the gut are associated with increased intestinal oxygen 19 concentrations and high levels of inflammatory oxidants, including hydrogen peroxide 20 (H2O2) and hypochlorous acid (HOCl), which are antimicrobial compounds produced by 21 the innate immune system. This contributes to dysbiotic changes in the gut microbiome, 22
including increased populations of pro-inflammatory enterobacteria (Escherichia coli 23 and related species) and decreased levels of health-associated anaerobic Firmicutes 24 and Bacteroidetes. The pathways for H2O2 and HOCl resistance in E. coli have been 25
well-studied, but little is known about how commensal and probiotic bacteria respond to 26 inflammatory oxidants. In this work, we have characterized the transcriptomic response 27 of the anti-inflammatory, gut-colonizing Gram-positive probiotic Lactobacillus reuteri to 28 both H2O2 and HOCl. L. reuteri mounts distinct responses to each of these stressors, 29
and both gene expression and survival were strongly affected by the presence or 30 absence of oxygen. Oxidative stress response in L. reuteri required several factors not 31 found in enterobacteria, including the small heat shock protein Lo18, polyphosphate 32 kinase 2, and RsiR, an L. reuteri-specific regulator of anti-inflammatory mechanisms. 33
These results raise the intriguing possibility of developing treatments for inflammatory 34 gut diseases that could sensitize pro-inflammatory enterobacteria to killing by the 35 immune system while sparing anti-inflammatory, health-associated species. 36
37

IMPORTANCE 38
It is becoming increasingly clear that effective treatment of inflammatory gut diseases 39 will require modulation of the gut microbiota. Preventing pro-inflammatory bacteria fromblooming while also preserving anti-inflammatory and commensal species is aconsiderable challenge, but our results suggest that it may be possible to take 42 advantage of differences in the way different species of gut bacteria resist inflammatory 43 oxidants to accomplish this goal. 44
INTRODUCTION 46
Inflammatory diseases of the gut (e.g. inflammatory bowel disease [IBD], Crohn's 47 disease, irritable bowel syndrome [IBS] , etc.) are a rapidly growing health concern for 48 which few effective treatment options are available (1-3). It has become increasingly 49 clear that the bacterial populations inhabiting the gut play a key role in causing and 50 perpetuating gut inflammation, with an emerging consensus that blooms of facultatively 51 anaerobic enterobacteria (e.g. Escherichia coli) take advantage of changes in the 52 nutritional and redox environment of the inflamed gut to outcompete the obligate 53 anaerobes associated with a healthy gut flora (4-8). The redox changes in the inflamed 54 gut include not only increases in oxygen levels (6, 7), but also the production of reactive 55 oxygen, nitrogen, and chlorine species (ROS, RNS, RCS), which are antimicrobial 56 oxidants that can shift the population structure of the microbiome and are major 57 contributors to host tissue damage (9-12). Treatments that interfere with the ability of 58 enterobacteria to thrive in the inflamed gut reduce both the changes in the microbiome 59 and the symptoms of disease (1, 13), indicating that manipulating gut bacteria is an 60 important element in controlling these diseases. 61
anaerobically growing L. reuteri with sublethal doses of H2O2 and HOCl and used RNA 132 sequencing to characterize the transcriptomes of stressed cells before and 5, 15, and 133 30 minutes after stress treatment (Fig. 2, Table S1 ). A very large fraction of the L. 134 reuteri genome was up-or down-regulated (> 2-fold, p < 0.01) by sublethal oxidative 135 stress, and there were clear differences in the responses to H2O2 and HOCl, consistent 136 with previous reports that bacterial responses to these oxidants are different (22-24). As 137 seen in Figure 2 , the response to H2O2 involved roughly equal numbers of up-and 138 downregulated genes, with a substantial increase in the number of genes with 139 significant changes in expression over the 30 minute course of stress treatment. In 140 contrast, HOCl treatment caused many more genes to be upregulated than 141 downregulated, and there was not as noticeable an increase in the number of genes 142 with significant changes in gene expression over time, consistent with the very fast 143 reaction rate of HOCl with biological molecules (22, 27, 64). The difference between the 144 H2O2 and HOCl stress responses were also reflected in principal components analysis 145 of the transcriptomic data (Fig. S2A) , which clearly separated the H2O2 and HOCl 146 treated samples. The untreated samples from the two experiments did not cluster as 147 closely together as we expected, since these samples were ostensibly identical. To 148 determine whether this reflected batch effects or inherent variation in expression levels 149 for particular genes, we selected representative genes that had similar (sigH, moeB, 150 pcl1) or different (pstS, copR) levels of expression in the untreated samples from the 151 two RNA-seq data sets (Table S1 ) and used RT-PCR to measure their expression inindependently prepared unstressed L. reuteri cultures, and found that the amount ofvariation in expression was similar for all five genes (Fig. S2B) . 154
155
To further characterize the differences and overlaps between the H2O2 and HOCl stress 156 responses of L. reuteri, we plotted changes in gene expression under each tested 157 condition against each other condition (Fig. 3, Table S2 ). This showed that, while many 158 of the genes significantly upregulated by H2O2 were also upregulated by HOCl, there 159 were substantial numbers of genes that were upregulated by one stress treatment and 160 downregulated by the other and vice versa, indicating that L. reuteri has a sophisticated 161 ability to distinguish between H2O2 and HOCl and differentially control transcription. 162
Clustering analysis of genome-wide expression patterns (Fig. 4 ) reinforced this result, 163 and we were able to identify groups of genes whose expression was controlled in very 164 similar ways by the different oxidants (e.g. Fig. 4B and G) as well as groups of genes 165 with very different expression patterns in response to H2O2 and HOCl (e.g. Fig. 4C at, above, and below the sublethal concentrations used in previous experiments (Fig. 6 , 224 left hand columns). We examined two genes strongly activated by both H2O2 and HOCl 225 (ahpF and pcl1) and a gene repressed by both oxidants (moeB, encoding a subunit of 226 molybdopterin synthase (80)) (Table S1 ) and confirmed the expected expression 227 patterns. Interestingly, the genes differed in their dose-response patterns, with moeB 228
roughly equally repressed at all H2O2 and HOCl concentrations, ahpF equally activated 229 by all three H2O2 concentrations but activated more strongly by increasing doses of 230
HOCl, and pcl1 activated more strongly at lower doses of H2O2 and at higher doses of 231
HOCl. RT-PCR of the perR and sigH regulator genes also recapitulated the expression 232 patterns seen in RNA-seq (Fig. 5 ), although at higher HOCl concentrations (2.5 mM), 233 sigH expression began to be repressed, indicating that its control is not strictly H2O2-234 specific. Finally, we examined expression of rsiR, a known regulator of anti-235 inflammatory mechanisms in L. reuteri (34, 35) that was modestly upregulated by both 236 H2O2 and HOCl in the RNA-seq experiment (Fig. S4 ), but we did not observe activation 237 of rsiR expression in this follow-up experiment, indicating that expression of rsiR may 238 not genuinely be redox-regulated under anaerobic conditions. 239
While the intestine is primarily an anaerobic environment (5), recent evidence suggests 241 that inflammation, antibiotic treatment, and infection with enteric pathogens may 242 increase the amount of oxygen available to microbes in the gut (6, 7). We thereforegenes in L. reuteri. We repeated our RT-PCR experiment with microaerobic cultures, 245 which were prepared aerobically and grown in full screw-cap tubes without shaking, 246 low-oxygen conditions under which L. reuteri grows at a similar rate as under anaerobic 247 conditions (data not shown). The results of this experiment (Fig. 6, right hand wanted to use the gene expression data generated above to begin identifying genes 261 involved in protecting L. reuteri against the toxicity of H2O2 and HOCl, based on the 262 simple hypothesis that genes strongly upregulated by a certain stress may be involved 263 in protecting the cell against that stress (81). We were particularly interested in 264 identifying genes encoding factors that protect L. reuteri against HOCl, since much lessexamined how lactic acid bacteria survive reactive chlorine stress. We therefore 267 identified lethal doses of H2O2 and HOCl for L. reuteri (Fig. S3) , and found that 1.5 mM 268 H2O2 was sufficient to kill 99 -99.9% of L. reuteri over the course of an hour both 269 anaerobically and microaerobically. Anaerobic cultures of L. reuteri were killed by 7.5 270 mM HOCl, while microaerobic cultures died to a similar extent at only 2.5 mM HOCl, 271 further demonstrating that oxygen influences how L. reuteri responds to toxic oxidants. 272
273
We constructed several strains containing null mutations of genes that we predicted to 274 be involved in defense against either H2O2 or HOCl, based on known bacterial redox 275 stress response mechanisms (22, 23, 53, 82) and on our transcriptomic data (Fig. S4 , 276 Table S4 ). We obtained mutants lacking msrB, perR, sigH, rsiR, lo18 (hsp20), which 277 encodes a small heat shock protein found only in lactic acid bacteria (59, 60) and whose 278 expression was more strongly activated by HOCl than by H2O2, ppk1 and ppk2, 279 encoding two different kinases able to produce inorganic polyphosphate (polyP), which 280 protects against HOCl-mediated protein damage in E. coli (57, 77, 83), rclA, encoding a 281 conserved flavoprotein known to protect E. coli against HOCl (53), hslO, encoding the 282 HOCl-activated chaperone Hsp33 (78), and LAR_RS09945, encoding a predicted 283 oxidoreductase that was very strongly upregulated by HOCl, but not by H2O2. The ability 284 of each of these strains to survive lethal oxidative stress was measured by comparison 285 to the survival of the wild-type strain under the same conditions (Fig. 7) . 286 expression of peroxide defense genes (84), was significantly protected. A mutant 290 lacking rsiR was significantly more sensitive to killing by H2O2, suggesting that despite 291 the fact that its expression may not be controlled by this oxidant (Fig. 6) , it is important 292 for surviving H2O2 treatment (35) . Surprisingly, only the perR mutant was significantly 293 more sensitive than wild-type to killing by HOCl under anaerobic conditions. However, 294
knocking out lo18 had a significant and unexpected protective effect. This was 295 particularly surprising since lo18 expression was strongly upregulated in response to 296
HOCl (Table S4) . Under microaerobic conditions, the results of survival assays were 297 considerably different. There were only minor differences in survival of a lethal dose of 298 H2O2 in microaerobic cultures for any of the mutants, with msrB, rsiR, and rclA mutants 299
showing very small but statistically significant defects in survival at the 1-hour time 300
point. In contrast, there were much more substantial differences in survival of lethal 301
HOCl stress under microaerobic conditions. The msrB, perR, lo18 and ppk2 mutants 302 had significant defects in HOCl stress survival under these conditions, and the rsiR, 303 ppk1, and rclA mutants were, on average, slightly more sensitive than the wild-type. The 304 perR and LAR_RS09945 mutants were significantly protected at the 20 minute 305 timepoint, but this effect was lost at later time points. There was no difference in HOCl 306 survival between the wild-type and sigH or hslO mutants. These results further 307 emphasize that oxygen concentration has dramatic effects on oxidative stress survival, 308
and that it will therefore be important to quantify what oxygen levels gut bacteria are 309 exposed to in inflamed and non-inflamed gut environments The small heat shock protein Hsp33 and the flavoprotein RclA are RCS-specific 342 defense factors in E. coli (53, 78), so we were also surprised to find that mutations of 343 these genes had no apparent effect on HOCl survival in L. reuteri, despite the fact that 344 rclA expression was induced more strongly by HOCl treatment than by H2O2 (Table S4) . 345
This could be due to the redundant nature of RCS resistance mechanisms (22), or could 346 reflect fundamental differences in RCS response between L. reuteri and E. coli. 347
Supporting the second hypothesis is the fact that mutations in lo18 and ppk2, genes not 348 found in E. coli, had very strong effects on HOCl survival. Lo18 is a chaperone found 349 only in a subset of Lactobacillus and Oenococcus species that stabilizes proteins and 350 membranes under heat and ethanol stress conditions (59, 60). While this could easily 351 explain how Lo18 protects L. reuteri against the protein-unfolding activity of HOCl, as 352 we saw under microaerobic conditions, it is much less intuitive why the presence of 353 Lo18 sensitizes L. reuteri to HOCl anaerobically, and more work will be needed to 354 understand the mechanism underlying this effect. PolyP plays a role in stress resistance 355 and probiotic phenotypes in several different Lactobacillus species (85-90). In E. coli, 356 the polyP kinase PPK (homologous to L. reuteri PPK1) is required for HOCl resistanceresistance in L. reuteri. In contrast, deletion of ppk2, which encodes an unrelated polyPkinase (PPK2) whose primary physiological role is generally thought to be in generating 360
NTPs from NDPs or NMPs and polyP (57, 58), led to a highly significant defect in HOCl 361 survival, albeit only in the presence of oxygen. Whether polyP production in response to 362
HOCl stress is driven by PPK1 or PPK2 in L. reuteri remains to be determined, as does 363 the relative importance of PPK2's polyP-and NTP-synthesizing activities. PPK2 is not 364 present in enterobacteria, but is found in many species of commensal bacteria 365 (including lactobacilli, Bacteroidetes, and Clostridiacea)(58, 91, 92) 366
367
Our results clearly demonstrate that HOCl resistance in L. reuteri depends on different 368 factors than in E. coli or B. subtilis. These differences may represent targets for 369 differentially sensitizing gut bacteria to oxidative stress. Interestingly, the frontline IBD 370 drug mesalamine has recently been shown to be an inhibitor of PPK1 (93), and it is 371 tempting to speculate that mesalamine may therefore have a larger impact on the ability 372 of enterobacteria to survive in the inflamed gut than on PPK2-encoding commensals, 373 although more data will be needed to test this hypothesis. 374
375
CONCLUSIONS 376
Manipulating the microbiome is likely to be a key element in future treatments for 377 inflammatory diseases of the gut. Development of such treatments will require a 378 sophisticated understanding of how gut bacteria respond to changes in their 379 environment. The differences we have now begun to uncover in oxidative stress 380 response between anti-inflammatory, health-associated bacteria and pro-inflammatory,disease-associated species may present opportunities for new therapies. We hope ourresults will ultimately make it possible to sensitize enterobacteria to inflammatory 383 oxidants while simultaneously protecting the healthy gut community. 384
385
MATERIALS AND METHODS 386
Bacterial strains and growth conditions 387
All strains and plasmids used in this study are listed in Table Table S5 . Primers used for quantitative 408
RT-PCR were designed with Primer Quest (www.idtdna.com; parameter set "qPCR 2 409 primers intercalating dyes" for qRT-PCR primer design) and are listed in Table S6 . 410
Additional primers for PCR amplification, screening, and sequencing were designed 411 using WebPrimer (www.candidagenome.org/cgi-bin/compute/web-primer). All 412 
